A series of aromatic polyimides has been obtained by the reaction of two dianhydrides, the commercial 2,2′-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and another having a 5′-tert-butyl-m-terphenyl moiety (BTPDA), with several diamines, including two that have a cardo structure (derived from 9H-fluorene), one of them bearing methyl groups ortho to the amino functionalities (TMeCardo). The solubility, and also the thermal, mechanical, and gas separation properties of the corresponding polyimide membranes were evaluated and compared in order to explore the effect of the different groups in the polyimide backbone. The novel polyimides, which were derived from BTPDA and the cardo diamines, showed high thermal stability, excellent solubility in organic solvents and good gas separation properties, especially the polyimide that bore the ortho methyl substituents. The behavior was especially good for the pair O 2 /N 2 , where the TMeCardo polymer overpassed the Robeson upper bound.
Introduction
Aromatic polyimides are considered as high performance polymers due to their excellent thermal, mechanical and dielectric properties [1] [2] [3] . Among their applications, gas separation by polyimide membranes has been proven as an alternative technology to conventional separation methods like cryogenic distillation or absorption [4] [5] [6] [7] . Due to their high rigidity, aromatic polyimides show high gas selectivity and, because of that, the gas transport properties of a large number of polyimides have been investigated [8] [9] [10] . A good membrane has to show high permeability, and this is usually attained, in glassy polymers, by means of structural changes that make difficult the molecular packing and increase the free volume [11, 12] . The introduction of bulky pendent groups [13] [14] [15] [16] , which prevent the close packing of the chains, has been shown as a very efficient method to increase the fractional free volume (FFV) and consequently to enhance the gas permeability. Among the bulky pendent groups introduced into polyimides, tert-butyl groups have shown to be very effective units to improve FFV without detriment of thermal stability or processability [9, [17] [18] [19] . It is well known that an important drawback of polyimides is their poor solubility, which makes difficult their processing as membranes. For this reason, a goal in polyimide chemistry is to improve the solubility in organic solvents without a loss of the above-mentioned properties. Thus, several synthetic 479 Synthesis, characterization and gas separation properties of novel polyimides containing cardo and tert-butyl-m-terphenyl moieties modifications of the polyimide structure, such as introduction of flexible linkages [20] , bulky pendent groups [21] [22] [23] or asymmetric monomers [24, 25] have been extensively adopted to address this problem. The aromatic cardo polymers (from Latin loop) possess excellent thermal and chemical stability, excellent solubility and good mechanical and dielectric properties [26] . The cardo moiety imparts also a significant increase in T g and thermal stability [27] [28] [29] [30] . Additionally, the aromatic cardo polyimides reported in the literature exhibit high gas selectivity values [23, 31, 32] . According to these observations, the target of this work was to prepare novel polyimides containing tert-butyl or hexafluoroisopropylidene groups and cardo moieties in the repeat unit ( Figure 1 ) and to explore their effect on solubility, thermal stability and gas separation properties. The properties have been compared with those of polyimides from the same dianhydrides and other diamines with orthomethyl groups, to establish relationships between structure and properties. Our strategy involved the reaction between a dianhydride that bears a tert-butyl substituent, the 5′-tert-butyl-m-terphenyl-3,3″,4,4″-tetracarboxylic acid dianhydride, which has been previously used by us, and several diamines. The cardo diamines chosen for this study were 9,9-bis(4-aminophenyl)-fluorene (Cardo) and 9,9-bis(4-amino-3,5-dimethylphenyl)-fluorene (TMeCardo) which offered us the opportunity to determine the additional effects of the ortho methyl groups on the polyimide properties, particularly related to their gas separation properties. Moreover, other two diamines with ortho methyl groups: durene and trimethyl-m-phenylene diamine (TMeMPD), well known for providing excellent gas separation properties to the polyimides, have been made to react with the BTPDA dianhydride. To explore the effect of the introduction of the tertbutyl pendant groups in the repeat unit, the properties of the novel polyimides have been compared with those of polyimides, which were taken as reference, based on the same diamines and the known dianhydride 6FDA, which yields polyimides with excellent gas separation properties.
Experimental 2.1. Materials
Solvents and other reactants were of reagent grade quality and were used as received. 9,9-bis (4-aminophenyl) fluorene (Cardo) was provided by Chriskev. Durene and trimethyl-m-phenylene diamine were provided by Sigma-Aldrich. 2,2′-bis (3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) was provided by Fluorochem. All commercial monomers were sublimated before use. 5′-tert-butyl-m-terphenyl-3,3″,4,4″-tetracarboxylic acid dianhydride (BTPDA) was synthesized according to the procedure previously reported [33] . 9, fluorene (TMeCardo) was synthesized from 2,6-dimethylaniline (Sigma-Aldrich) and 9-fluorenone (SigmaAldrich) in the presence of trifluoromethanesulfonic acid (Sigma-Aldrich), according to the following procedure: 24.6 g (0.203 mol) of 2,6-dimethylaniline were mixed with 25 mL of concentrated hydrochloric acid and 12 mL of water. Then, 12.2 g (0.068 mol) of fluorenone, 6 mL of trifluoromethanesulfonic acid and 1 mL of mercaptopropionic acid were added to the mixture. The solution was put into an autoclave and heated at 150°C overnight. The crude obtained was washed with a solution of sodium hydroxide, obtaining a slurry that was filtered and acidified with hydrochloric acid. Then, acetone was added to remove the excess of 2,6-dimethylaniline. The remaining solid, in the form of diamine hydrochloride was treated in aqueous ammonia medium. Finally, the product was dried and recrystallized twice from toluene, to yield a monomer grade 9,9-bis (4-amino-3,5-dimethylphenyl) 5, 150.3, 147.7 and 145.4, 140.1, 139.9, 136.6, 133.2, 130.3, 130.2, 127.9-128.9, 126.4, 126.1, 125.1, 124.3, 122.5, 120.3, 65.0, 35.2, 31. 
Monomer synthesis

Preparation of membranes
Polyimide membranes were prepared by casting 7% (w/v) filtered m-cresol solutions of the polymers onto a glass plate that was left at 80°C overnight. Then, the films were dried in a vacuum oven at 100°C/24 h, 180°C/1 h, and 250°C/30 min. Film thicknesses were between 30 and 50 µm.
Measurements 1 H and 13
C-NMR spectra were recorded on a Varian Gemini 300 spectrometer operating at 30 and 75 MHz respectively. Fourier Transform Infrared Spectra (FT-IR) of polymer films were recorded on a Perkin Elmer RX-I instrument. Differential scanning calorimetry (DSC) analyses were performed on a TA-Q2000 under nitrogen at a 20°C/min scan rate. Thermogravimetric analyses (TGA) were recorded on a TA-Q500 analyzer from 5-10 mg of sample under a 50 mL/min nitrogen flux at 10°C/min. Inherent viscosities were measured at 25°C with an Ubbelohde viscometer using NMP as solvent at 0.5 g/dL concentration. The polymers solubility was determined by mixing 10 mg of polymer with 1 mL of solvent, followed by stirring for 24 h at room temperature. Then, the samples that were not soluble at room temperature were heated. Density was determined using a XS105 Dual Range Mettler Toledo balance coupled with a density kit based on Archimedes' principle. The samples were weighed in air and into a known-density liquid (high purity isooctane). The measurements were performed at room temperature and the densities were calculated from (Equation (1): (1) where W air is the weight of the sample in air, W liquid is the weight in isooctane and ρ liquid is the density of isooctane. The density data were used to evaluate chain packing using the fractional free volume (FFV), which was calculated using Equation (2): (2) where V e is the polymer specific volume and V W is the van der Waals volume, which was obtained by molecular modeling using the semi-empirical method Austin Model 1 (AM1) in the Hyperchem computer program, version 8.0.3 [34, 35] . Gas permeation properties were determined for single gas feeds using a constant volume/variable pressure apparatus at 30°C. The initial downstream pressure was maintained below 10 -2 mbar, while the upstream pressure was kept at 3.0 bar for all gases. Helium permeation tests at three upstream pressures (1, 3 and 5 bar) were carried out to check the absence of pinholes. Permeability values (P) were determined from the slope of downstream pressure vs. time (dp(t)/dt), plotted when steady state had been achieved. P was expressed in Barrer [1 Barrer = 10 −10 (cm 3 (STP)·cm)/(cm 2 ·s·cmHg) = 3.346·10 -16 mol·m/m 2 ·s Pa (SI units)]. The ideal selectivity for a pair of gases A and B was calculated from the ratio of their pure gas permeabilities P A and P B using Equation (3): (3) 
Computational methods
Computational studies were carried out by initially optimizing the structures at the AM1 level of theory [34] . Subsequently, electronic energies and structures were calculated by full optimization, without any geometrical constraint, by using the Becke's threeparameter hybrid functional and the Lee et al. correlation functional with the 6-31G+(d,p) basis set. HOMO energies, zero-point electronic energies were determined by doing a single-point calculation with the hybrid B3LYP/6-31G+(d,p) [35] . The Gaussian 09 v.A1 and Gaussview v.5.08 program packages were used throughout this work. Molecular graphs and pictures were achieved with the Gauss View and Arguslab programs. Rotational barriers, around the N imide -C Ar bond for BTPDA-Cardo and BTPDA-TMeCardo were calculated by AM1 by fixing the dihedral angle at certain angles.
Results and discussion 3.1. Polymers syntheses and characterization
It is well established in the synthesis of polyimides that the reactivity of diamines is controlled by their HOMO energy and by the electronic density on the nitrogen atoms, whereas the reactivity of the dianhydrides is controlled by their LUMO energy and by the electronic density on the carbonyl carbons, although the electronic densities play, in both cases, a minor role in this kind of reaction. Thus, the polymerization feasibility can be predicted by the LUMO dianhydride -HOMO diamine energy difference. It can be said that the reactivity is higher when the energies of LUMO dianhydride and HOMO diamine are closer and, consequently, the probability of attaining high molecular weight polymers is higher. The energy values, calculated in this work for the different monomers, are shown in Table 1 . The LUMO energies of BTPDA and 6FDA are higher than the LUMO energies of more common commercial dianhydrides: 3,3′, 4,4′-oxydiphenyltetracarboxylic dianhydride (E LUMO = -2.95 eV), 3,3′, 4,4′-sulfonyldiphenyltetracarboxylic dianhydride (E LUMO = -3.54 eV) and pyromellitic dianhydride (E LUMO = -3.94 eV). Therefore, the reactivity of BTPDA and 6FDA is among the lowest, but it is high enough to permit successful reaction with aromatic diamines giving high molecular weight polymers. Regarding the aromatic diamines, those with cardo structure (Cardo and TMeCardo) (E HOMO = -5.17 and -5.02 eV) have similar reactivity and are less reactive than p-phenylendiamine (E HOMO = -4.65 eV), 4,4´-oxydianiline (E HOMO = -4.86 eV) or even Durene (E HOMO = -4.43 eV) or TMeMPD (E HOMO = -4.39 eV). In fact, the last two diamines, because of the inductive effect of the methyl groups, are among the most reactive diamines in the synthesis of polyimides, if only electronic parameters are considered.
In conclusion, the energy differences between the diamines used in this work and both dianhydrides, which are presented in columns 4 and 5 (ΔE BTPDAamine and ΔE 6FDA-amine), are low enough to suppose that the polycondensation reactions will proceed to give high molecular weight polymers in all cases.
After evaluating the reactivity of the monomers, the synthesis of polyimides was performed through a one-pot method in solution at high temperature. The method involves the use of a high boiling point solvent (m-cresol) in which the monomers are heated at high temperature (180°C). In addition, basic and acid catalysts are usually employed to improve the reactivity. This procedure causes simultaneous polymerization and imidization and it is normally used to assure a high molecular weight in polyimides of elevated rigidity. The inherent viscosities of the synthesized polymers are shown in Table 2 . These values correspond to weight-average molecular weights of around 1·10 5 Dalton or higher [36] . As can be seen, in spite of the theoretically lower reactivity of the BTPDA, the polymers from this dianhydride show higher viscosities and, consequently, they have higher molecular weights. The steric effect of the ortho methyl groups of TMeCardo seems to cause a small shortcoming on the molecular weight. All polymers were characterized by spectroscopic techniques, in particular FT-IR and NMR spectroscopy. The FT-IR spectra of the polyimide films contained absorption bands at approximately 1780 and 1720 cm -1 (C=O asymmetric and symmetric stretching), 1340 cm -1 (C-N stretching), 1105 cm -1
(C-N bending) and 725 cm -1 (C=O bending), and these bands are characteristic of imide rings. Typical aliphatic C-H absorption bands near 2940-2860 cm -1 were also observed in the polymers with methyl or t-butyl groups. All the 1 H-NMR signals were properly assigned (see the experimental part) and no signal corresponding to the poly(amic acid) structure was observed in any case, confirming the complete imidization. The carbons were also assigned by comparing the structures and by using additional DEPT and HMQC experiments. As an example, 1 H-NMR and 13 C-NMR spectra of polyimide BTPDA-TMeCardo are shown in Figure 2 . As could be expected, the aromatic protons near the imide ring appear at the highest values of chemical shift, because of the electron-withdrawing effect of the carbonyl groups: Conversely, the protons near the imide nitrogens appear at the lowest values of chemical shift as a singlet. The aliphatic protons of the methyl groups appear at 2.10 ppm (methyl groups joined to the aromatic rings) and 1.46 (methyl groups of the t-butyl moiety). Regarding the 13 C-NMR, the carbonyl carbons appear at 167.2 ppm, the methyl groups directly joined to the aromatic rings appear at 18.3 ppm, while those of t-butyl can be found at 31.4 ppm. The quaternary carbons of the t-butyl are at 35.2 ppm and those corresponding to the fluorine bridge appear at 76.5 ppm. All the aromatic carbons can be found between 120 and 150 ppm.
Polymers properties 3.2.1. Thermal properties
The thermal behavior of the polyimides studied in this work was evaluated by DSC and TGA. Moreover, the amorphous character of these polymers was previously confirmed by WAXS, where an amorphous halo was visible in all the cases. The maximum in the amorphous halo corresponded to intersegmental distances between 5.6 and 6.5 Å, being slightly higher for the polymers derived from TBT-PDA. However, it has not been possible to correlate the d-spacing with the chemical structure or with the fractional free volume. The polyimides showed high glass transition temperatures, above 350°C, which is an indication of the high rigidity of these structures. The T g of BTPDA-TMeCardo was 25°C higher than that of BTPDA-Cardo, denoting a higher molecular mobility restriction for this polymer. This fact can be explained by the steric effect that the ortho methyl groups caused in the phenyl moiety rotation. As can be seen in Figure 3 , the calculated rotational barrier around the single bond joining the imide nitrogen and the aromatic ring is much higher in the case of the TMeCardo diamine. Because of that, the aromatic rings are restricted to a position almost perpendicular to the imide ones, with only a small amount of flipping between 60 and 120°. The high rotational barrier precludes the rotation around the bond, which is possible in the other cardo monomer, thus giving a considerably more rigid polymer.
All polyimides exhibited very high decomposition temperatures, T d onset above 520°C. The values observed for the cardo polyimides were similar to that reported for the polyimide BTPDA-6F [33] indicating that the cardo moieties did not decrease the thermal resistance.
Solubility
The solubility of the polyimides was very similar irrespective of the dianhydride; 6FDA or BTPDA, but it depended quite strongly on the diamine. Thus, the polyimide derived from the p-substituted Durene diamine was only soluble in m-cresol, N-methyl-2-pyrrolidinone and hot dimethyl sulfoxide. However, the rest of the polyimides were also soluble in N,Ndimethylacetamide, N,N-dimethylformamide and chloroform. Moreover, the polyimides derived from Cardo and TMeCardo were soluble in dichloromethane and pyridine at room temperature. By contrast, the polyimide BTPDA-6F [33] was insoluble in N,N-dimethylformamide, chloroform, dichloromethane or pyridine. Therefore, the existence of cardo moieties, and additionally the presence of orthomethyl groups in TMeMPD, significantly improved the solubility, when compared with the 6F diamine.
Gas transport properties
The gas permeation characteristics of the polyimides, together with the calculated fractional free volume are presented in Table 3 . The analysis of Table 3 permitted to obtain some interesting structure-properties relationships: 1) The polyimides derived from 6FDA were more permeable than those derived from BTPDA were, with the exception of the polyimides derived from ODA and 6F. This can be correlated with the higher FFV of the 6FDA polymers. 2) The most permeable polymers were those having ortho methyl groups. For methyl diamines, the permeability for all gases followed the tendency: P TMeMPD > P Durene > P TMeCardo . However, in this case, no correlation between permeability and FFV was observed, because Durene polymers showed the smallest FFV values.
3) The polymers derived from TMeCardo were more permeable than those derived from 6F were, regardless of the employed dianhydride. However, the permeability differences depended strongly on the dianhydride. Thus, for the polymers derived from 6FDA, the polyimides from the TMeCardo diamine showed permeability values that are about 3-4 times higher than those derived from the diamine 6F, whereas for the polymers derived from BPTDA, the increase in permeability was only around 1.5 times. However, these differences could not be correlated with the FFV values, because FFV was higher for the polymers derived from 6F. 4) For common glassy polymers, the CH 4 permeability is lower than the N 2 permeability. However, when the FFV of a polymer is high enough, an inversion of this behavior is frequently observed. Thus, the PCH 4 /PN 2 reversal was seen in all the cardo and ortho-methyl diamines derived from BTPDA, but it did not occur in the 6FDA-derived polymers. This effect, which had been described previously [36] could not be related with the FFV, which was higher in the 6FDA polymers. This fact could indicate that there were differences of free volume distribution for both series of polyimides, with a greater proportion of high free volume elements in the BTPDA series. Because of this, the selectivity CO 2 /N 2 was similar in both series but the selectivity CO 2 /CH 4 was higher in the 6FDA polyimides. 5) The increase in permeability in the TMeCardo polymers, when compared with the Cardo ones, is accompanied by an increase of permselectivity for the O 2 /N 2 gas pair, and a very small selectivity lessening for the CO 2 /CH 4 and the CO 2 /N 2 gas pairs. Therefore, the incorporation of ortho methyl groups in the Cardo moiety was advantageous for gas separation productivity since gas permeability was improved without sacrificing gas selectivity. All these effects could be observed in the Robeson diagrams [41, 42] for the pairs O 2 /N 2 , CO 2 /N 2 and CO 2 /CH 4 shown in Figure 4 . The polymers derived from TMeCardo, Durene and TMeMPD diamines showed the best behavior, being placed near the Robeson upper bound of 1991. In the case of the O 2 /N 2 and CO 2 /N 2 gas pairs, the behavior was similar for 6FDA and BTPDA dianhydrides. However, for the pair CO 2 /CH 4 , the BTPDA polyimides showed a lower selectivity caused by the high permeability of CH 4 observed in these polymers (PCH 4 /PN 2 reversal). Consequently, the polymer 6FDA-TMeCardo was the best polymer, and overpassed the 1991 upper bound.
Conclusions
Some novel polyimides have been obtained, through the use of the one-pot method in solution at high temperature, by reacting a m-terphenyl dianhydride containing tert-butyl pendent groups (BTPDA) or the commercial 6FDA dianhydride with four diamines, two commercial ones bearing methyl groups placed ortho to the amino functionality, and two cardo ones, one of which bears also ortho methyl groups. All of them showed T g s above 350°C, because of the effect of the hindered dianhydrides, the ortho methyl groups or the cardo moieties. Furthermore, the methyl groups also provided very good solubility, which was excellent for the polyimides made from the TMeCardo diamine. The thermal stability of these polyimides was also very high with degradation temperatures above 500°C in all cases. Regarding the gas separation properties, the 5′-tertbutyl-m-terphenyl moiety produced polymers with lower permeability than those derived from 6FDA.
The ortho-methyl substitutions had a significant effect on permeability, which was clearly seen when the Cardo and the TMeCardo polymers were compared. In that case, a significant improvement of performance for the pairs O 2 /N 2 and CO 2 /CH 4 was observed, which permitted some of these polymers to be placed between the 1991 and the 2008 Robeson limits. A permeability inversion was found for the pair N 2 /CH 4 in the case of BTPDA-derived polyimides, but not for those derived from 6FDA, which seemed to imply the existence of different free volume distribution in the polyimides derived from both dianhydrides.
